Abstract. Cisplatin is widely used for the treatment of solid tumors, including small cell lung cancers, but its success is often compromised due to relapse and resistance to further treatment. p70 ribosomal S6 kinase (p70S6K) has been shown to be upregulated in lung cancer cells. In the present study, we investigated whether the p70S6K pathway contributes to cisplatin resistance in human small cell lung cancer H69 cells. The levels of phosphorylated p70S6K and its downstream target S6 but not total p70S6K or S6 were elevated in the H69 cells that acquired resistance to cisplatin (H69/CP) compared to parental H69 cells. Cisplatin treatment resulted in the activation of p70S6K and downregulation of p70S6K was associated with cisplatin-induced PARP cleavage. While the ability of cisplatin to induce apoptosis was attenuated in H69/CP cells, inhibition of p70S6K by rapamycin enhanced cisplatin-induced apoptosis in these cells as evident by the increase in cisplatin-induced poly(ADP-ribose) polymerase (PARP) cleavage. The phosphoinositide 3-kinase (PI3K) inhibitor Ly294002 alone induced PARP cleavage and further augmented cisplatin-induced PARP cleavage. In contrast, inhibition of extracellular signal-regulated kinase (ERK) by U0126 attenuated cisplatin-induced PARP cleavage. Both rapamycin and Ly294002 enhanced cisplatin-induced activation of ERK1/2. Taken together, these results suggest that activation of p70S6K contributes to cisplatin resistance in small cell lung cancer H69 cells, and inhibition/downregulation of p70S6K as well as activation of ERK1/2 could circumvent cisplatin resistance.
Introduction
Cisplatin is widely used for the therapy of several types of cancer, including testicular, ovarian, cervical, and small cell lung cancer (SCLC) (1) (2) (3) . Cisplatin treatment is, however, limited due to the acquisition of resistance by tumor cells to the drug and its toxic side effects (4) (5) (6) . The mechanism(s) of cisplatin resistance is often multifactorial and an understanding of cisplatin resistance is critical to exploit this drug effectively for the treatment of cancers.
p70S6K is a serine/threonine protein kinase responsible for the phosphorylation and activation of 40S ribosomal subunit protein S6 (7, 8) . It acts downstream of the mammalian target of rapamycin (mTOR). The activation of p70S6K and its downstream target ribosomal protein S6 mediates nutrient and mitogen-stimulated translation, which is essential for cell growth and proliferation (9) . Activation of S6 results in the translation of a class of mRNA which contains an oligopyrimidine tract at their transcriptional start site. This class of mRNAs encodes for many of the components of the protein synthesis apparatus. Due to its involvement in regulating translation, cell cycle progression, differentiation and cell motility, p70S6K has been implicated as an oncogene (10) .
A number of studies have focused on the involvement of p70S6K in influencing cellular responses to apoptotic stimuli. Treatment of Swiss 3T3 and RAT-1 cells with etoposide and staurosporine resulted in dephosphorylation and decreased activity of p70S6K (11, 12) . It has also been shown that cisplatin inhibited the phosphorylation of p70S6K in mouse myoblasts (13) . Rapamycin, an immunosuppressant blocked the activation of mTOR/p70S6K, thus compromising the cell's ability to progress through the G1 phase of the cell cycle (14, 15) . Rapamycin derivatives are in clinical trials for the treatment of several cancer types (16) although the induction of apoptosis by rapamycin is not universal (17, 18) . It has been reported that rapamycin can synergize with other agents such as tamoxifen, imanitib and doxorubicin to enhance apoptosis (19) (20) (21) (22) . Similarly, rapamycin derivatives enhanced cisplatin-induced cell death in ovarian, leukemia and lung cancers (23) (24) (25) (26) . In contrast, it has been reported that rapamycin did not induce apoptosis in Rat-1 and PC12 cells and thymocytes (17, 18) .
Cisplatin is often used for the treatment of human SCLCs yet acquisition of resistance by these tumors to cisplatin is a major problem in the therapy of SCLC (27) . It has been reported that p70S6K pathway is constitutively activated in several SCLCs (10) and activation of p70S6K was associated with anchorage-independent growth of SCLC (28) . In addition, rapamycin analog CCI779 restored cisplatin sensitivity in cisplatin-resistant small cell lung cancer cells (26, 29) although it is not known if p70S6K signaling pathway is affected when cells acquired resistance to cisplatin. Recently, it has been reported that cisplatin resistance of non-small cell lung cancer A549 cells was associated with amplification of Akt1 gene, resulting in activation of its downstream target mTOR pathway (30) . In the present study, we investigated if p70S6K signaling pathway is compromised when SCLC H69 cells acquire resistance to cisplatin. We have demonstrated that p70S6K is constitutively activated in SCLC H69 cells that acquired resistance to cisplatin, and inhibition of p70S6K enhanced cellular sensitivity to cisplatin. Furthermore, inhibition of PI3K/Akt and mTOR pathway resulted in activation of ERK and reversed cisplatin resistance. Cell culture. Parental SCLC H69 cells and cells selected for resistance to cisplatin (H69/CP) were generously provided by Dr Nagahiro Saijo (National Cancer Center Research Institute, Tokyo, Japan). Cells were maintained in RPMI-1640 (Life Technologies Inc., Grand Island, NY) supplemented with 2 mM glutamine and 10% (v/v) heat-inactivated fetal bovine serum at 37˚C in the presence of 5% CO 2 .
Materials and methods

Materials
Immunoblot analysis. Cells were lysed in M-PER mammalian extraction buffer (Pierce, Rockford, IL) containing 1 mM DTT and protease inhibitors. Equal amounts of total protein were separated by 10% (w/v) SDS-PAGE and transferred onto a poly(vinylidene difluoride) membrane. Western blot analyses were performed as described before (10) . The blot was probed with antibody to either GAPDH or actin to control for equal loading.
Results
Comparison of p70S6K status in parental and cisplatinresistant human small cell lung cancer (SCLC) H69 cells.
To determine if the p70S6K pathway is affected when human H69 SCLC cells acquire resistance to cisplatin, we compared the level and activation status of p70S6K in parental H69 cells and its cisplatin-resistant variant H6/CP cells. Fig. 1A shows that there was little change in the total level of p70S6K in the cisplatin-resistant H69/CP cells as compared to the parental H69 cells. Phosphorylation of p70S6K at threonine 389 (T389) is important for the activation of p70S6K (31, 32) . Therefore, we compared the phosphorylation status of p70S6K at T389 in the H69 and H69/CP cells. Phosphorylation of p70S6K at T389 was increased by approximately 2-fold in H69/CP cells compared to H69 cells. In addition, the level of phosphorylated S6 (p-S6), which is a downstream target of p70S6K, was also much higher in the H69/CP cells compared to parental cells, indicating increased activation of p70S6K in the H69/CP cells. These results suggest that cisplatin resistance was associated with an increase in phosphorylation/activation of p70S6K.
Effect of cisplatin on p70S6K activation and PARP cleavage in H69 and H69/CP cells. Since the level of phosphorylated p70S6K was constitutively higher in the cisplatin-resistant cells, we compared the effect of cisplatin on p70S6K phosphorylation and cell death in H69 and H69/CP cells. Activation of caspase-3 or -7 during apoptosis cleaves full-length 115-kDa poly(ADP-ribose) polymerase (PARP) to an 85-kDa fragment and cleavage of PARP is used as a measure of apoptosis (33) . Fig. 2 shows that a 48-h exposure to cisplatin caused a concentration-dependent increase in PARP cleavage in H69 cells such that the cleaved fragment of PARP appeared when cells were treated with 20 μM cisplatin and increased further when treated with 40 μM cisplatin. In contrast, 40 μM cisplatin had little effect on the cleavage of PARP in H69/CP cells. Cisplatin caused a concentration-dependent increase in the phosphorylation of p70S6K in both H69 and H69/CP cells. However, while increase in p70S6K phosphorylation was apparent when H69/CP cells were treated with 10 μM cisplatin, higher concentrations of cisplatin were required to induce p70S6K phosphorylation in H69 cells. The level of p70S6K also decreased when H69 cells but not H69/CP cells were treated with 40 μM cisplatin, suggesting that decrease in p70S6K protein level correlates with cisplatin-induced cell death.
Comparison of the effect of rapamycin on cisplatin-induced cell death in H69 and H69/CP cells. Rapamycin is a macrolide fungicide that possesses potent antimicrobial, immunosuppressant, and antitumor properties (16) . Rapamycin leads to the dephosphorylation and inactivation of p70S6K (34). Treatment of H69/CP cells with either rapamycin or cisplatin alone had little effect on PARP cleavage. However, pretreatment with rapamycin enhanced sensitivity of H69/CP cells to cisplatin considerably such that in the presence of rapamycin 25 μM cisplatin was equally effective in inducing PARP cleavage in both H69 and H69/CP cells. Cisplatin caused a concentration-dependent increase in phosphorylation of p70S6K at T389 site and treatment with rapamycin inhibited phosphorylation of p70S6K at T389. Cisplatin-induced phosphorylation of p70S6K correlated with phosphorylation of S6, a downstream target of p70S6K (Fig. 3B) , suggesting that p70S6K is activated by cisplatin treatment. As expected, rapamycin inhibited phosphorylation of S6. Thus, dephosphorylation of p70S6K by rapamycin may be associated with increase in cisplatin-mediated cell death.
The effect of PI3K inhibitor Ly294002 on p70S6K phosphorylation and cisplatin-induced cell death.
There are controversies whether or not PI3K/Akt signaling pathway acts upstream of mTOR (35) (36) (37) . In addition, it has recently been reported that amplification of Akt1 gene in cisplatin-resistant non-small cell lung cancer A549 cells could result in activation of p70S6K (30) . We therefore compared the levels of total and phospho-Akt in H69 and H69/CP cells. Fig. 4A indicates that levels of total and phosphorylated Akt were comparable in H69 and H69/CP cells. We also examined the effect of Ly294002, an inhibitor of PI3K/Akt, on p70S6K phosphorylation and cisplatin-induced cell death. Fig. 4B shows that both H69 and H69/CP cells contained high level of phospho-Akt and Ly294002 but not rapamycin inhibited phosphorylation of Akt in these cells. However, Ly294002 was as effective as rapamycin in inhibiting phosphorylation of p70S6K, suggesting that PI3K/Akt acts upstream of mTOR/ p70S6K in these cells. Since Akt may act upstream of mitogenactivated protein kinase/extracellular signal-regulated kinase kinase (MEK/ERK) signaling pathway which may also regulate p70S6K (38), we examined the effect of MEK inhibitor U0126 on the phosphorylation of ERK1/2, Akt and p70S6K. As shown in Fig. 4B , U0126 attenuated cisplatin-induced activation of ERK but not Akt. It also caused a modest decrease in p70S6K phosphorylation. Interestingly, both rapamycin and Ly294002 enhanced cisplatin-induced activation of ERK although Ly294002 was much more effective compared to rapamycin. We also compared the effects of these inhibitors on cisplatin-induced cell death. As shown in Fig. 4C , Ly294002 alone induced PARP cleavage and it caused substantial increase in cisplatin-induced PARP cleavage. In contrast, U0126 inhibited cisplatin-induced apoptosis in both H69 and H69/CP cells. There was a good correlation between activation of ERK (Fig. 4B) and cleavage of PARP (Fig. 4C) . These results suggest that activation of ERK was associated with cisplatin-induced cell death.
Discussion
The efficacy of cisplatin not only depends on its ability to induce DNA damage but also on the cells' ability to respond to this damage. The crucial point in these events may be determined by signaling events downstream of the drug-DNA interactions. Acquisition of resistance by tumor cells to anticancer drugs may involve modifications in the cells' ability to trigger downstream signaling events. It is thus the balance between the various proteins present in the cell that finally decides whether the cell should live or die. Although the involvement of p70S6K in DNA damage-induced cell death is established (11) (12) (13) , little is known about how p70S6K is affected when cells acquire resistance to cisplatin. The results of our present study revealed that an increase in the levels of active p70S6K was associated with cisplatin resistance in human small cell lung cancer H69 cells. In addition, inhibition of p70S6K phosphorylation by rapamycin or Ly294002 could restore cisplatin sensitivity in cisplatinresistant H69 cells. Taken together, these results suggest that treatment with cisplatin during the selection process caused a modification in the p70S6K signaling pathway.
We have found that cisplatin caused activation of p70S6K in both H69 and H69/CP cells as determined by its phosphorylation at T389 site and its downstream target S6 although the extent of p70S6K activation was greater in H69/CP cells compared to H69 cells. This is consistent with a recent report that tumor necrosis factor-α activated the phosphorylation of p70S6K in MCF-7 cells (39) . However, this is in contrast to a previous report that showed that cisplatin had little effect on p70S6K phosphorylation in cisplatin resistant SR2 cells whereas it in fact decreased p70S6K phosphorylation in the sensitive cell line (26) . This apparent anomaly could be explained by the fact that growth factors present in the serum could affect p70S6K phosphorylation. We have found that when cells were treated with cisplatin in fresh FBS containing media, the constitutive p70S6K phosphorylation was much higher (data not shown). However, when cells were incubated with different concentrations of cisplatin for 48 h, the basal p70S6K phosphorylation was low and cisplatin caused an increase in p70S6K phosphorylation. In addition, we found that higher concentrations of cisplatin that resulted in cell death also induced downregulation of total p70S6K. Since cisplatin-resistant cells require higher concentrations of cisplatin to induce cell death, the decrease in total as well as phospho-p70S6K is less in the resistant cells compared to drug-sensitive parental cells.
p70S6K is believed to act downstream of PI3K/Akt (35, 40) . A recent report attributed amplification of Akt1 gene to be the cause of p70S6K activation and cisplatin resistance in A549 non-small cell lung cancer cells (30) . On the contrary, we found that there was no difference in the levels of constitutive and/or phosphorylated Akt in H69 and H69/CP cells. Furthermore, cisplatin had little effect on Akt phosphorylation in either cell type. We have also found that inhibition of Akt by Ly294002 caused substantial increase in cisplatin-induced cell death. In fact, Ly294002 alone caused modest cell death, suggesting the importance of Akt signaling pathway in the survival of these SCLC cells. However, the effect of Ly294002 was much greater compared to rapamycin, suggesting that Ly294002 may act via additional pathway besides inhibiting p70S6K.
Since Akt signaling pathway can also affect the mitogenactivated protein kinase (MAPK) pathway (41) we compared the effect of Ly294002 with the MEK inhibitor U0126. We have found that in contrast to Ly294002, U0126 attenuated cisplatin-induced cell death in both parental and cisplatinresistant H69 cells. In addition, cisplatin caused activation of ERK1/2. This is consistent with our previous report that activation of ERK1/2 was associated with cellular sensitivity to cisplatin (42) . In this report we found that Ly294002 caused an increase in both basal and cisplatin-induced ERK1/2 phosphorylation. In fact, the extent of ERK1/2 phosphorylation correlated with the extent of PARP cleavage. Thus, Ly294002 not only inhibits the Akt/mTOR/p70S6K pathway, it also activates the MEK/ERK pathway. Rapamycin also caused a modest increase in cisplatininduced activation of ERK1/2. Thus, activation of ERK may also contribute to cisplatin sensitization by these inhibitors. With lung cancer accounting for the largest number of cancer deaths and acquisition of resistance resulting in poor prognosis, treatment with a combination of drugs may restore cisplatin sensitivity.
